OPEN 3 ACCESS Freely available online 



•0-PLOS I o-^E 



Extensive Reorganization of Behavior Accompanies (Jf\ 
Ontogeny of Aggression in Male Flesh Flies cros^rk 

Darrell Moore^*, Caleb Paquette\ J. Dylan Shropshire\ Edith Seler^ Karl H. Joplin^ 

1 Department of Biological Sciences, East Tennessee State University, Johnson City, Tennessee, United States of America, 2 Department of Mathematics and Statistics, East 
Tennessee State University, Johnson City, Tennessee, United States of America 



Abstract 

Aggression, costly in both time and energy, is often expressed by male animals in defense of valuable resources such as 
food or potential mates. Here we present a new insect model system for the study of aggression, the male flesh fly 
Sarcophaga crassipalpis, and ask whether there is an ontogeny of aggression that coincides with reproductive maturity. 
After establishing that reproductive maturity occurs by day 3 of age (post-eclosion), we examined the behavior of socially 
isolated males from different age cohorts (days 1, 2, 3, 4, and 6) upon introduction, in a test arena, with another male of the 
same age. The results show a pronounced development of aggression with age. The change from relative indifference to 
heightened aggression involves a profound increase in the frequency of high-intensity aggressive behaviors between days 1 
and 3. Also noteworthy is an abrupt increase in the number of statistically significant transitions involving these full-contact 
agonistic behaviors on day 2. This elevated activity is trimmed back somewhat by day 3 and appears to maintain a stable 
plateau thereafter. No convincing evidence was found for escalation of aggression nor the establishment of a dominance 
relationship over the duration of the encounters. Despite the fact that aggressive interactions are brief, lasting only a few 
seconds, a major reorganization in the relative proportions of four major non-aggressive behaviors (accounting for at least 
96% of the total observation time for each age cohort) accompanies the switch from low to high aggression. A series of 
control experiments, with single flies in the test arenas, indicates that these changes occur in the absence of the 
performance of aggressive behaviors. This parallel ontogeny of aggressive and non-aggressive behaviors has implications 
for understanding how the entire behavioral repertoire may be organized and reorganized to accommodate the needs of 
the organism. 
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Introduction 

Aggression is widespread throughout the animal kingdom [1]. 
Typically, male animals will defend valuable resources in the 
environment such as food, shelter, and access to mates. However, 
territorial defense is energetically costly, detracts from time 
available for other critical behaviors (e.g., feeding, mating, 
parental behavior), and often exposes the animal to greater levels 
of predation. It is expected that territories will not be defended 
unless the benefits gained from restricting resource competitors are 
greater than the costs of defending the resource [2,3]. Cost-benefit 
studies of territoriality have been carried out on a wide variety of 
vertebrates, including lizards [4], salamanders [5], Siamese 
fighting fish [6], Golden-winged Sunbirds [7], rufous humming- 
birds [8], and golden lion tamarins [9]. Such studies also have 
been performed on invertebrates, including aphids [10], crayfish 
[11], crab spiders [12], fruit flies [13], and a variety of aquatic 
insects [14]. 

In recent years, a number of invertebrate model systems have 
been developed in an attempt to understand the neurophysiolog- 
ical and genetic determinants of agonistic behaviors [15,16,17,18]. 
Contributing to the benefits of invertebrate model systems are the 
ease of experimental manipulations under controlled environ- 



ments, the development of detailed descriptions of behavioral 
repertoires, and the potential for understanding aggression at the 
level of individual neurons within circuits. 

Among the more thoroughly investigated invertebrate model 
systems is the fruit fly Drosophila melanogaster. In nature, territorial 
behavior and aggression are observed in various Hawaiian 
Drosophila species that exhibit lek behavior in which males defend 
territories established on leaves, fern fronds, or tree limbs [19]. In 
D. melanogaster, male territoriality is seen under laboratory 
conditions [20,21]. In this species, there is a positive relationship 
between fighting success and mating success [22]. Furthermore, 
territorial males have more mating success than non-territorial 
males [23]. The agonistic interactions performed by two males in 
competition for a resource containing food and a potential mate 
are complex, even under simplified laboratory conditions: Markov 
chain-based analysis of the behaviors performed during staged 
fights reveals that agonistic behaviors are organized as stereotyped 
modules [24]. Both males and females exhibit aggressive 
behaviors: some behaviors and behavioral sequences are found 
in both sexes, but others are sexually dimorphic [25] . More recent 
research has made significant progress in revealing the neural and 
genetic underpinnings of aggression. For example, the fruitless gene 
plays a major role in determining sex-specific patterns of 
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aggression [26] as well as the establishment of male-specific neural 
circuits in the brain [27]. The neuromodulator octopamine is 
important in determining how males choose between courtship 
and aggression [28]. Fruit flies apparently learn fi'om previous 
agonistic encounters and apply this information to establish 
hierarchical relationships [29]. Finally, the genetic architecture 
of aggression in Drosophila appears to possess a great deal of 
complexity, involving extensive pleiotropy and epistasis [30]. 

Similar to Drosophila mrlanogaster, male stalk-eyed flies defend 
valuable resources such as mates or food [31,32,18]. In the stalk- 
eyed fly Teleopsis datmanni, males appear to use a sequential 
assessment strategy in which pairs of male flies perform ritualized, 
escalating agonistic behaviors that may lead to direct physical 
contact but do not result in injury [18]. 

An interesting contrast to the behavior of fruit flies and stalk- 
eyed flies is that of the flesh fly {Sarcophaga crassipalpis). Male flesh 
flies appear to establish territories in nature that are different from 
those observed in D. melanogaster or stalk-eyed flies. Rather than 
defending a well-defined resource such as food or a female fly at a 
particular location, males defend a space in the environment. This 
space presumably serves as a sentinel position, from which to 
detect females that may travel through the surroundings. For 
example, males position themselves at equidistant intervals along 
fence rails and roof tops and wiU fly from these perches to pursue 
passing females (K.HJ., personal observation). Analogous to what 
is found in nature, male flesh flies, placed in rectangular enclosures 
in the laboratory, show significantly lower spatial tolerance of 
same-sex conspecifics than do females. When placed in groups of 
four in circular arenas, males and females show a significant 
difference in the degree of clustering (measured by nearest 
neighbor statistics): males show a tendency towards a uniform 
distribution whereas females tend shghtiy towards a clustered 
distribution [33]. These findings, from experiments performed 
under simplified laboratory environments, suggest that males have 
an innate ability to maintain minimal distances among th(;msc'l\'es 
that is absent in females. Females, in accord with their spatial 
tolerance of other females under laboratory conditions, exhibit a 
spatial behavior in nature that is different from that observed in 
males, preferring to aggregate with other carrion flies and to 
larviposit on carcasses already occupied with larvae [34]. In the 
present study, we will use the male flesh fly S. crassipalpis as a 
comparative model system for the study of aggression. 

Largely absent from studies of aggression are the potential 
influences of ontogenetic changes in physiology and behavior. 
Because territorial defense and its associated agonistic behaviors 
are exceedingly costly, it is expected that the performance of 
aggressive behaviors would be restricted to situations in which the 
benefits exceed the costs [2]. For example, male spiny lizards 
coexist relatively peacefully during summer months but during the 
fall, when females become sexually receptive, aggression is 
performed at very high levels [4]. Accordingly, it would be 
expected that male flesh flies would be relatively tolerant of one 
another until the males reach reproductive maturity and the 
females become receptive, at which time the males would become 
much more aggressive. 

Our first objective was to determine the age at which flesh flies 
become sexually mature. Once the timing of reproductive 
behavior was established, the goal was to test the prediction that 
aggressive behavior would not be expressed at high levels until the 
males reached reproductive age. This was accomplished by 
individually isolating male flies shortiy after adult eclosion, holding 
them in isolation for a predetermined number of days, and then 
placing one male fly in a test arena with another male of the same 
age cohort. Based on video recordings of the behaviors elicited 



during the resulting dyadic interactions, a detailed ethogram was 
constructed, quantitative analyses were performed with respect to 
possible changes in the degree of performance of each behavior 
with age, and sequential analyses were used to create a behavioral 
transition matrix for each age cohort. The results of these analyses 
allowed us to address a number of fundamental questions related 
to the ontogeny of aggression. In contrast to the fruit fly and stalk- 
eyed fly model systems, we monitored all behaviors, not just those 
associated with agonistic interactions. Our findings show a robust 
ontogeny of non-aggressive behaviors as well as agonistic 
interactions in male flesh flies. Finally, to distinguish whether the 
observed changes in occurrence of non-aggressive behaviors with 
age were the result of the performance of aggressive acts or, 
alternatively, programmed to occur independentiy, we performed 
control experiments with single, isolated males. 

Detailed examination of the ontogeny of aggressive behavior in 
flesh flies enables some insights into the organization of behavior 
that have not yet been pursued in other invertebrate model 
systems. For example, what is the process by which the organism 
accomplishes the ontogenetic transition from being relatively non- 
aggressive to aggressive? Is the transition gradual or sudden? Do 
aggressive behaviors exist from an (-arly age onward or do they 
appear de novo at the appropriate time? How does the change in 
the performance of aggression impact the overall organizational 
pattern (e.g., frequencies of occurrence of each behavior, 
probabilities that behaviors will occur in certain stereotyped 
sequences, etc.) of behavior? Does the transition to the aggressive 
condition require a radical reorganization of behavioral patterns 
or just slight modifications? How much of an impact wiU the 
change in condition have on the performance of behaviors that are 
not involved in aggression? The answers to these questions are 
relevant to understanding the rules that govern the neural control 
of behavior and may provide insights into the relationship between 
consistency and plasticity [35], the compartmentalization of 
behavior into functional modules, and the prioritization of 
behaviors under different conditions. 

Materials and Methods 

Experimental Organisms 

Flesh flies {S. crassipalpis) were maintained under nondiapause 
conditions (15:9 h light:dark cycles at 25°C for all stages) in a long- 
term (19 years) colony at East Tennessee State University, derived 
from another long-term colony established about 1975 at The 
Ohio State University in the laboratory of Dr. David Denlinger. 
AH of the paired male experiments in this study were conducted 
within an aluminum shed built in the laboratory and maintained 
at 24±2°C as previously described [33]. Experiments with single 
males were conducted in a small laboratory room kept under the 
same conditions. 

Age at Onset of Mating 

The age at which S. crassipalpis began mating was determined by 
placing equal numbers of male and female flies at day of age 0 (the 
day of adult emergence) into clear glass jars (4 liter) provisioned 
with sugar cubes and water. The number of mating pairs in each 

jar was recorded once each hour throughout the photophase of the 
15:9 hour light:dark cycle through day 5. The experiment was 
performed at 24±2°C under low density (three females and three 
males per jar, 14 jars) and high density (six females and six males 
per jar, 15 jars) conditions. The proportion of flies mating under 
each density condition was determined by dividing the number of 
mating pairs by the total number of potential mating pairs, 
corrected for mortalities, at each observation time. 
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Ontogeny of Aggressive Behavior in Male Flesh Flies 

Male flies were collected at emergence by chilling briefly until 
immobilized and placed in isolation chambers (petri dish with an 
area 50 cm^). Provided ad libitum were sucrose (in the form of sugar 
cubes) and water (available from miniature microfuge tubes 
plugged with cotton). The isolation chambers were housed under a 
12:12 hour light:dark cycle at 24°C±2°C and visually separated 
from one another by black cardboard partitions. The isolation 
ensured that male flies were socially naive at the time at which 
they subsequently were tested. 

Encounters between same-age male flies were performed in a 
relatively simple observation arena to ascertain if the performance 
of aggressive behaviors is age-related. Randomly chosen, socially 
naive, same-age flies were removed from their isolation chambers 
and individually marked on the dorsal thorax with a dot of colored 
enamel. Pairs of 1-, 2-, 3-, 4-, and 6-day old flies were released into 
a circular arena ( 1 5-cm diameter petri dish), one fly on each side of 
a black partition separating each half of the arena (Fig. 1). The 
arena did not contain food or water. There were 1 1 pairs tested for 
each age cohort with the exception of 10 pairs for day 4. Ten 
minutes after the fhes were introduced into the arena, the partition 
was removed and the flies were recorded for 60 min at 30 frames/ 
sec with a digital video camera (Sony Digital HD Handycam, 
HDR-UXl). Flies were used only once. Video recordings were 
processed with Final Cut Pro HD software (Apple Inc., Cupertino, 
California). Behaviors were tabulated and basic analyses were 
performed using JWatcher 1.0, available for public use at http:// 
www.jwatcher.ucla.edu. To limit subjective errors, the behavioral 
scoring was done by a single researcher (CP.). To facilitate (1) the 
construction of raster plots showing the simultaneous behavior of 
both members of the opponent pairs, (2) determining of the 
durations of the bouts of agonistic behaviors, and (3) discerning the 
levels of agonistic behaviors through successive 10-min intervals 
within the encounters, we re-coded the video recordings using the 
Observer XT version 11.5 (Noldus Information Technology, 
Wageningen, The Netherlands) using a single observer (J.D.S.). 

To provide a control for the paired male experiments, 
individual males (using the same age cohorts under the same 
conditions as the paired males) were monitored in the arena. For 




Figure 1. The experimental arena, viewed from above. Two male 
flies (each with a different color paint mark on the dorsal thorax) from 
the same age cohort were introduced to the arena, separated by a black 
partition. After 10 min, the partition was removed and observations 
began. 

doi:1 0.1 371 /journal.pone.00931 96.g001 



this portion of the study, males were handled exactly as described 
above for the paired male experiments and their behaviors were 
video recorded in the same manner. However, the Observer XT 
version 11.5 software was used to compile and analyze the data. 
Also, the first and last 5 min of the 60-min recordings were not 
used, thus leaving 50 min of activity in each session for analyses. 
There were 10 males observed for each age cohort. All of the 
behavioral scoring of the single male data was done by a single 
researcher (J.D.S.). 

Based on extensive video analyses, an ethogram (Table 1) was 
created for male flesh fly behavior exhibited in the observation 
arena. Behaviors were classified according to the following 
categories: non-interactive, interactive/non-aggressive, low-inten- 
sity aggression, and high-intensity aggression. Non-interactive 
behaviors included the four behaviors that occupied more time 
than any of the others {standing, walking, grooming, and upside-down) 
plus stilt, bobbing, and jump. All grooming movements were performed 
from a standing posture but were considered a separate behavior 
from standing. Interactive/non-aggressive behaviors were those in 
which the fly apparentiy was aware of the other fly in the arena but 
did not physically engage its adversary; the fly moved toward {turn 
toward, approach) or away from {avoid, retreat) its opponent. Avoid and 
retreat represented two diflerent velocities of movement: avoid was 
relatively slow, involving locomotion via leg movements only 
whereas retreat was much faster, using propulsion from wing 
movements (Video S5). Low-intensity {chop, uppercut, back kick, head 
butt, fencing, and boxing) and high-intensity aggressive behaviors 
(lunge, hold, wrestling, immobilized) involved physical contact between 
the two flies. The difference between low-intensity and high- 
intensity aggression was characterized by limited body contact 
between individuals in the former and full-body contact in the 
latter. Because of the limited occurrence of each of the six diflerent 
low-intensity aggressive behaviors, for purposes of analyses, they 
were combined and treated as a single behavior - low-intensity 
agression. Also, because immobilized in one fly was the consequence 
of its opponent performing a hold behavior, the two behaviors 
always exhibited the same frequency in our analyses. 

Statistical Tests 

To determine if behavioral aggression varied with age in the 
paired male experiments, the mean number of occurrences hour" ' 
individual" was calculated for each of eleven behaviors (see 
Table 1) for each age-matched cohort: lunge, hold, wrestle, and low- 
intensity aggression from the aggression categories; avoid, retreat, turn 
toward, and approach from the interactive/ non-aggressive category; 
and jump, stilt, and bobbing from the non-interactive category. 
Immobilized was not included because it simply reflects the holding 
behavior of the individual's adversary. The values were then 
compared across age cohorts using the Kruskal-WaUis test. Post- 
hoc comparisons among age cohorts, if necessary, were accom- 
pUshed by Dunn's nonparametric multiple comparisons test [36]. 
These statistical tests also were used to compare the durations of 
bouts of wrestling and hold among the different age cohorts as well as 
to compare the frequencies of aggressive behaviors occurring 
within five successive 10-min intervals during the encounters (for 
the day 3, 4, and 6 cohorts, combined). In all cases involving the 
same types of comparisons, the same statistical analyses were 
performed for both the paired male and single male experiments. 

To determine if the four most common behaviors change with 
age, the amount of observation time (in minutes) occupied by the 
four behaviors {standing, walking, grooming, and upside-down, aU from 
the non-interactive category) was determined for the entire age 
group and compared to the total observation time of the group 
within the arena. The resulting proportions were arcsine 
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Table 1. Ethogram for male flesh fly behavior performed within the observation arenas. 





Category 


Behavior 


Description 


Non-interactive 


Walking (W) 


Typical locomotion throughout the arena 




Standing (Sta) 


Upright, stationary, no grooming 




Grooming {G) 


Upright, stationary, various grooming movements 




Upside-down {U} 


On back, attempting to right itself 




Stilt (Sti) 


A single extension of the legs causing the body to rise from and return to the standing position 




Bobbing (B) 


Raising and lowering the body multiple times in rapid succession 




Jump (J) 


Vertical leap 


In teractive/Non-aggressive 


Approach (Ap) 


Fly advances within one body length of opponent 




Turn toward (T) 


Fly turns to face opponent 




Avoid (Av) 


Fly slowly walks away from advancing fly 




Retreat (R) 


Fly quickly (using wing propulsion) moves away from advancing fly to another area of the arena 


Low-Intensity Aggression (Lo) 


Chop 


Downward strike against opponent with foreleg 




Uppercut 


Upward strike against opponent with foreleg 




Back Kick 


Striking opponent with back leg 




Head Butt 


Pushing opponent with head 




Fencing 


Both flies strike each other with one foreleg 




Boxing 


Both flies rear up on back legs and strike each other with both forelegs 


High-Intensity Aggression 


Lunge (L) 


Fly rears up and jumps toward opponent 




Hold (H) 


Grasping opponent with forelegs; opponent is immobilized 




Wrestle (Wr) 


Both flies grasp each other with forelegs, strike with other legs, and spin about the enclosure 




Immobilized (1) 


Being held stationary by opponent, performing struggling movements 



Abbreviations for each behavior are in parentheses. 
doi:10.1371/journal.pone.0093196.t001 



transformed and then evaluated across age cohorts using Tukey- 
type multiple comparisons [36]. 

Behavioral transition matrices were constructed for each age 
cohort by tabulating the frequencies of all changes from one 
behavior directly to another performed by all of the individuals in 
that cohort. Each resulting matrix was used to explore the 
existence of nonrandom associations between behaviors, assuming 
a Markov chain process. Because only changes in behavior were 
examined, the frequencies in the diagonal of each matrix were 
zero [37]. Likelihood ratio tests (G tests), accomplished using the 
CATMOD procedure in SAS (SAS Institute, Inc., Gary, North 
Garolina), indicated that all of the matrices showed significance 
(P<0.0001 in all cases); therefore, Freeman-Tukey deviates [38] 
were calculated for each behavioral transition within each matrix 
to determine which transitions occurred more often than expected 
by chance. The criterion for significance was set at an alpha of 
0.05. 

Kinematic diagrams representing the results of the transition 
matrix analyses were constructed for each age-cohort matrix. 
Within each diagram, the relative frequency of occurrence of each 
behavior was depicted by five different sizes of symbols (squares, 
circles, and triangles) in the following ascending order: <1%, 1- 
5%, 5-10%, 10-15%, and >15%. Significant behavioral transi- 
tions were represented by arrows connecting the symbols; the 
degree of departure from randomness was depicted by using three 
different sizes of arrows (each size also illustrated with a different 
color) according to the following ranges of Freeman-Tukey values, 
in ascending order: 1-5 (low level; black), 5-10 (intermediate level; 
orange), and >10 (high level; red). 



Results 

Age at Onset of Mating 

To determine the age of onset of mating behavior, equal 
numbers of newly emerged (day 0) male and female flesh flies were 
placed under high or low density conditions and then monitored 
for the presence of mating pairs every hour throughout the 
daylight hours through day 5 of age. The proportion mating (the 
number of mating pairs observed relative to the number of 
potential mating pairs) for both density conditions was essentially 
zero on days 0 and 1, appeared at relatively low levels on day 2, 
and was maintained at relatively high levels from day 3 through 
day 5 (Fig. 2). We conclude that mating may begin by day 2 of age 
but the highest proportion of flies mating occurs on day 3. 



O) 0.50 



Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 



Q_ 0.00 



8 10 12 14 1618 20 22 



Time of Day (h) 



Figure 2. Occurrences of mating behavior with age at two 
density conditions. The proportion of flies mating under low (top 
row) and high (bottom row) density conditions with respect to adult 
age, in days, and time of day during the photophase of the 15:9 hour 
light:dark cycle. Day 0 is the day of eclosion. 
doi:10.1371/journal.pone.0093196.g002 
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Flesh Flies Fight 

A raster plot (Fig. 3) showing one minute of activity for one 
representati\'e opponent pair tal^en from tliree different age 
coliorts illustrates some general characteristics of the various 
behaviors performed by male flesh flies in the experimental arena. 
Typically, the non-interactive behaviors walking, standing, grooming, 
and upside-down occupied the vast majority of time during the one- 
hour encounters in the arena. Individual bouts of these four 
behaviors were several seconds to several tens of seconds in 
duration. All other behaviors observed in the arenas were very 
short in duration, from fractions of a second to several seconds. 
Transitions from one behavior to another were instantaneous. In 
the 1-min example from the day 1 age cohort (Fig. 3A), there were 
no high-intensity aggressive behaviors. Fly 1 exhibited mosdy 
standing and walking behaviors whereas fly 2 performed only standing 
and grooming. Fly 1 transitioned from walking to approach (toward its 
opponent, fly 2), then resumed walking. It transitioned again from 
walking to approach and then from approach to low-intensity aggression. 
Neither approach nor low-intensit)> aggression from fly 1 yielded a 
change in behavior from fly 2. The flies in the day 3 example 
(Fig. 3B) displayed high-intensity aggressive behavior and showed 
a higher level of activity than those from the day 1 age cohort. For 
this example, approach performed by fly 2 was met immediately by 
a hold from fly 1 . It is important to note here that when one fly 
performed a hold, its opponent was immobilized. This behavior was 
then followed in quick succession by the following sequence: 
wrestling (less than one second), holding (performed in this case by fly 
2), a longer bout oi wrestling (approximately 3 seconds), followed by 
upside-down in fly 1 and walking in fly 2. Further representing the 
short-duration characteristics of interactive behaviors in male flesh 
flies were the interactions shown in the example from the day 6 
age cohort (Fig. 3C). At about 6 seconds into the record, fly 1 
approached fly 2 which responded by retreating (lasting less than 
1 second). Later in the record (beginning at about 27 seconds), fly 
1 performed two lunges (each less than 0.5 second in duration), one 
immediately before and the other immediately after a hold. Just 
before the second lunge, fly 2 broke away from being immobilized 
and initiated its retateat (lasting less than one second). The second 
lunge from fly 1 was successful in targeting fly 2 during its retreat and 
the two opponents immediately engaged in two short bouts of 
wrestling, interrupted briefly by both flies being upside-down. Please 
see Video SI for an example of the performance oi lunge. Video S2 
for an example of lunge followed by hold, and Video S3 for an 
example of hold followed by wrestle. 

Ontogeny: Interactive Behaviors 

After determining the age of sexual maturity as well as the fact 
that male flesh flies do indeed fight each other, a primary objective 
was to determine if the expression of agonistic behaviors develops 
in concert with sexual maturation. 

All of the behaviors described as interactive (see Table 1) 
occurred as very brief events. For example, bouts of wrestling 
(Fig. 4A) showed mean durations of only 2-3 seconds for all age 
cohorts while hold (Fig. 4B) exhibited a significant increase in 
duration from a mean of about 2.0 seconds in the day 1 age cohort 
to about 8.2 seconds in the day 6 cohort. Because of the very brief 
durations of these behaviors, they arc' rc'ported here as occmTcnc- 
es/hour/individual. Most of the interactive behaviors showed a 
significant change in frequency with age. The behaviors associated 
with high intensity aggression [lunge, hold, and wrestle) all showed a 
significant, progressive increase in occurrence as the flies aged 
from day 1 to day 6 (Fig. 5A-C); in fact, relative to day 1 levels, the 
frequencies of occurrence of these behaviors were significantiy 
higher by day 4 for lunging and holding and by day 3 for wrestling. 



Low intensity aggression, on the other hand, showed a progressive, 
though not statistically significant, decrease in occurrence (Fig. 5D). 
Two of the four interactive/non-aggressive behaviors changed 
significandy with age. As might be expected in parallel with the 
age-related increase in aggressive behaviors, avoid showed a 
significant decrease with age (Fig. 5E) whereas retreat exhibited a 
significant increase (Fig. 5F). Neither turn toward (Fig. 5G) nor 
approach (Fig. 5H) displayed any significant variation with age. 
Please see Video S4 for an example of the performance of approach 
and avoid and Video S5 for an example of approach and retreat. 

No convincing evidence was found for a stable dominance 
relationship between opponents. Using the interactive, non- 
aggressive behavior retreat as an assay for the presence of a 
dominant individual within pairs of opponents in the test arena, 
there was no case in any of the age cohorts in which only one fly 
exhibited the behavior. The proportion of retreats performed by 
the fly designated 'individual 1 ' before the observations began for 
each pair placed into the arena was determined for all of the pairs 
in all of the age cohorts. The distribution of the proportion oi retreat 
behaviors performed by individual 1, calculated for each pair, was 
unimodal (Fig. 6A) with a mean of 0.51 ±0.02 (s.e.m.). Further- 
more, there was no significant difference between the observed 
distribution and that expected for a binomial distribution 
(X^ = 3.77, df = 10, P=0.96) under the null hypothesis of equal 
probability of performance of the behavior by both members of 
the pair. A similar absence of domination by one fly over another 
was observed for high-intensity aggressive behaviors, represented 
by the combination of hold and Iwige observed in pairs exhibiting at 
least two occurrences of these behaviors. Two other high-intensity 
aggressive behaviors were not included in this measure: immobilized, 
because it is the result of being held by the opponent fly, and 
wrestling, because both flies in the pair participate in the behavior. 
The distribution (Fig. 6B) of the proportion of the two high- 
intensity aggressive behaviors [lunge and hold) performed by 
individual 1 for all of the eligible pairs possessed a mean of 
0.49±0.05 (s.e.m.). Although significantly different from a bimodal 
distribution (/^ = 990.00, df= 10, P<0.0001), 60% of the eligible 
pairs showed ratios in the range from 0.25 through 0.75. 

Also absent in S. crassipalpns were any indications of escalation of 
agonistic behavior during the one-hour encounters. Excluding the 
first and last 5 mrn of the one-hour bouts, the number of 
occurrences of high intensity aggression [hold plus lunge) per pair 
was calculated for five consecutive 10-min intervals for each of the 
age cohorts (Fig. 7). No significant differences among the 10-min 
intervals were observed in any of the age cohorts (PCruskal-WaUis 
test; -P>0.05 in all cases). 

Ontogeny: Non-interactive Behaviors 

Four non-interactive behaviors [walking, standing, grooming, and 
upside-down), taken together, occupied a consistently large percent- 
age of the time observed for all age cohorts: 97.6%, 98. 1 %, 98. 1 %, 
98.()»/o, and 96.4% for days 1, 2, 3, 4, and 6, r(-spc-cti\-ely. 
However, the proportions of time occupied by each of the 
individual behaviors exhibited significant changes with age. 
Walking (Fig. 8A) and standing (Fig. 8B) both showed significant 
declines: between days 1 and 6, the proportion of time occupied by 
walking was reduced by 25.7% and standing by 58.6%. Grooming 
(Fig. 8C) and upside-down (Fig. 8D) both exhibited significant 
increases: the proportion of time occupied hy grooming increased by 
a factor of 1.9 and upside-down by a remarkable factor of 19.5 
between days 1 and 6. 

The remaining three non-interactive behaviors also demon- 
strated significant changes with age. The occurrences oi jump 
showed a significant increase between days 1 and 3 but declined 
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Figure 3. Examples of behavioral sequences and interactions observed in the experimental arena. Each plot encompasses 1 min of 
observation and depicts the simultaneous activity of both members of the pair. The time of occurrence of the observed behaviors, represented as 
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somewhat on days 4 and 6 (Fig. 9A). Stilt exhibited a progressive 
decUne in the number of occurrences per individual: relative to 
day 1 levels, the occurrences of stilt were significantly different by 
day 4 (Fig. 9B). Similar to the pattern exhibited by jump, the 
occurrences of bobbing displayed a significant increase between 
days 1 and 3 but declined somewhat on days 4 and 6 (Fig. 9C). 

Behavioral Transitions 

To examine the temporal organization of behavior in greater 
detail, a behavioral transition matrix was constructed for each age- 
matched cohort (Table 2 depicts the transition matrix for the day 3 
cohort; File SI shows the matrices for day 1, 2, 4, and 6 cohorts). 
For each matrix, the behaviors were identified according to the 
ethogram established for male flesh flies (Table 1). We observed a 
total of 5075, 5990, 5098, 5203, and 7206 behavioral transitions 
for the day 1, 2, 3, 4, and 6 age cohorts, respectively. The fu-st 
behavior in each transition was designated behavior 1 and the 
second was behavior 2. A log-linear model, used to compare 
matrices among the age-matched cohorts, showed significant 
interactions between behavior 1 and age (z^ = 1207, df= 60, P< 
0.0001) and between behavior 2 and age (x^= 1214, #=60, P< 
0.0001) thus revealing age-related changes in behavioral frequen- 
cies. Furthermore, the third order interaction among behavior 1, 
behavior 2, and age also was significant (/ = 1151, df= 888, P< 
0.0001), indicating that the transition probabilities were not the 
same among the age cohorts. 

Within each age-cohort transition matrix, Freeman-Tukey 
deviates [38] were calculated for each cell, enabling identification 
of those transitions occurring more often than predicted by chance 
(P<0.05). There were 38, 58, 55, 54, and 53 significant behavioral 
transitions for age cohorts 1, 2, 3, 4, and 6 days, respectively. 

Kinematic diagrams (Fig. 10) were constructed to depict all of 
the significant behavioral sequences exhibited by the male flies in 
each age cohort. Comparisons of kinematic diagrams among the 
age cohorts revealed several components of behavioral organiza- 
tion including ontogenetic changes in behavioral sequences 
involving both aggressive and non-aggressive behaviors as well 
as behavioral sequences that were invariant with age. 



Many salient aspects of behavioral organization and reorgani- 
zation can be seen by comparing the kinematic diagrams for the 
day 1 and day 3 age cohorts (Fig. 10). Most obvious is that the day 
3 cohort shows a much larger number of significant transitions 
and, therefore, possesses a much more complex network of 
sequential pathways. Many of these additional transitions involve 
high intensity aggressive behaviors: in the day 1 cohort, there are 
1 0 significant transitions made to or from high intensity behaviors 
whereas there are 18 in the day 3 cohort. More specifically, there 
are only two significant transitions to the high intensity aggressive 
behavior lunging (from approach and low intensity aggression) in the day 
1 cohort but there are five significant transitions to lunging in the 
day 3 cohort (from avoid, turn toward, and upside-down in addition to 
approach and low intensity aggression already present in the day 1 
cohort). Similarly, there is only one significant transition to the 
high intensity aggressive behavior wrestling in the day 1 cohort 
(from upside-down) compared to five in the day 3 cohort (from 
upside-down, immobilized, holding, lunging, and low-intensity aggression). 
Many of the transitions involving high intensity aggression in the 
day 3 cohort are from one high intensity aggressive behavior to 
another. For example, the transitions holding-wrestling and lunging- 
wrestling are absent in day 1 flies but present in the day 3 cohort. 
Interestingly, there are a limited number of other behaviors that 
lead to one or more of the high intensity aggressive behaviors. 
These are low intensity aggression, approach, and upside-down in the day 

1 cohort. The same three pathways to high intensity aggression are 
present in the day 3 cohort, with the additions of turn toward, avoid, 
and retreat. 

Not all changes in behavioral transitions between the day 1 and 
day 3 cohorts involve aggressive behaviors (Fig. 10). Two notable 
examples involve bobbing and jump. Bobbing contributes no 
significant behavioral transitions in the day 1 cohort but is paired 
with grooming, standing, and stilt in the day 3 flies. Jump is paired only 
with walking in day 1 flies but this transition is lost in the day 3 
cohort and is replaced by five different associations. 

A number of behavioral transitions are invariant between the 
day 1 and day 3 cohorts. Most noticeable are the walking-approach, 
approach-avoid, a.aA grooming-standing transitions, all of which involve 
behaviors occurring at high frequency and transitions exhibiting a 
high degree of departure from randomness (Fig. 10). 

The radical differences between relatively non-aggressive males 
at day 1 of age and the much more aggressive males at day 3 were 
achieved by an abrupt increase in the involvement of high- 
intensity aggressive behaviors on day 2. There were only three 
behaviors that directly preceded high-intensity aggressive behav- 
iors on day 1 but this number escalated to 6, 6, 5, and 5 on days 2, 
3, 4, and 6, respectively (Fig. 1 1 A). Also appearing abruptly on day 

2 was an increase in the number of significant transitions from one 
high-intensity aggressive behavior to another: only 1 appeared on 
day 1 but there were 7, 6, 6, and 6 of these exclusively high- 
intensity aggressive transitions on days 2, 3, 4, and 6, respectively 
(Fig. 1 IB). Based on transitions occurring more often than 
expected by chance over all of the age cohorts, 8 different 
behaviors served as pathways leading to high-intensity aggressive 
behaviors (Fig. 1 1 A) and 4 participated as exits away from high- 
intensity aggression (Fig. IIB). 

Rather than comparing the rather complex kinematic diagrams 
for each age cohort with one another, the progression of age- 
related changes in behavioral transitions is summarized graphi- 
cally in a series of simplified kinematic diagrams (Fig. 12). There 
were 20 significant (i.e., occurred more often than expected by 
chance) transitions common to all age cohorts (Fig. 12A). Among 
these transitions, four were associated with high intensity 
aggressive behaviors. Each succeeding day of age was accompa- 
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Figure 5. Ontogeny of interactive behaviors. Changes in the frequency of occurrence of interactive behaviors (see Table 1 for descriptions) in 
socially naive, male flesh flies with respect to adult age, in days. Two individually isolated, same-age males were placed in a simple arena and the 
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nied by additional significant transitions that were not present 
during any of tlie preceding days. For example, eight more 
significant transitions appeared by day 2 of age and were present 
in all of the older age cohorts (Fig. 12B): five of these involved high 
intensity aggression. Another five significant transitions were 
absent on days 1 and 2, but were present on all days thereafter 
(Fig. 12C): two involved high intensity aggressive behaviors. 
Another four significant transitions were absent on days 1, 2, and 3 
but present on days 4 and 6; none of these transitions were 
associated with high intensity aggression (Fig. 12D). Finally, three 
significant transitions appeared on day 6 but were absent in all of 
the younger age cohorts (Fig. 12E): two of these involved high 
intensity aggressive behaviors. Only three significant transitions 
were eliminated throughout the observed age progression 
(Fig. 12F): two were present on days 1, 2, and 3 but absent on 
days 4 and 6 (including one transition involving high intensity 
aggression) and one was present on days 1 through 4 but absent on 
day 6. In addition to the behavioral transitions summarized above. 



there were a number of transitions that were not classified as 
contributing to consistent, progressive changes with age (Table 3). 
Most notable were the large number of significant behavioral 
transitions that occurred only on day 2 or only on day 3. 

Ontogeny of Behavior in Single Males 

To determine whether the significant changes with age in the 
performance of non-aggressive behaviors observed in opponent 
pairs of male flesh flies occur as a result of the expression of 
aggressive behaviors or, alternatively, occur as autonomous 
behavioral developments, a control experiment with isolated 
single males was carried out. With respect to the proportion of 
time occupied by the behavior, walking and standing showed 
significant decreases while grooming and upside-down exhibited 
significant increases with age in single males (Fig. 13A— D). These 
findings parallel the results from the opponent pair experiments 
and indicate that the ontogenetic changes in these non-aggressive 
behaviors are not contingent upon the performance of agonistic 
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by Individual 1 

Figure 6. Lack of dominant individuals within the paired male 
encounters. Distributions of the proportions of (A) retreat and (B) 
high-intensity aggressive behaviors (hold and lunge, combined) 
performed by individual 1 in the paired male encounters. If the 
behaviors are exhibited approximately equally by both members of the 
pairs, the distributions should be centered around 0.5. 
doi:10.1371/journal.pone.0093196.g006 

behavior. In contrast to observations in opponent pairs, occur- 
rences of stilt did not show a steady decline with age but rather 
increased between days 1 and 3 (Fig. 13E). Also contrary to the 
results in the opponent pairs, there were no instances of the 
behavior bobbing ohxrved in any of the single male age cohorts and 
the behavior Jam^ was exceedingly rare, occurring only twice in the 
day 2 cohort and once in the day 3 cohort. 

The rather limited behavioral repertoire performed by single 
flies nevertheless showed some significant transitions common to 
all age cohorts and other transitions that changed with age 
(Fig. 14). The walking-grooming transition was significant for all age 
cohorts and the grooming-walking transition was significant in all but 
the day 2 age cohort. Also significant in all age cohorts were the 
grooming—standing and the standing-grooming transitions. Significant 
transitions varying with age were (1) standing-grooming, present on 
days 1 and 2 but absent thereafter, (2) grooming-stilt, absent on day 
1 but present thereafter, (3) stilt-standing, absent on days 1 and 6 
but present on days 2, 3, and 4, (4) walking-upside-down, absent on 
days 1, 2, and 3 but present on days 4 and 6, and (5) upside-down- 
walking which appeared only on day 6. There were no significant 
transitions involving the behavior jump in any of the age cohorts. 

Discussion 

Many gaps exist in our understanding about the neural control 
of behavior in animals [39,40]. In the present study, we introduce 
the flesh fly S. crassipalpis as a model system for exploring 
fundamental questions concerning how the nervous system may 
organize a variety of behaviors, including aggressive acts, and how 
these patterns may change with age. After establishing a high- 
resolution ethogram, we investigated the ontogeny of aggressive 
behavior, an aspect of aggression that has received limited 
attention. For this study, individual flies were kept isolated from 
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one another beginning shortiy after eclosion untU the age at which 
they were tested in a minimal arena, thereby excluding most 
potential external influences on behavior (social interactions, 
encounters with predators, changes in food availability, the 
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Figure 8. Ontogeny of predominant non-interactive behaviors. 

Changes in the proportions of total observation time, with respect to 
age (in days), occupied by each of the four most predominant non- 
interactive behaviors (see Table 1 for descriptions) in individual, socially 
naive male flesh flies: (A) walking, (B) standing, (C) grooming, and (D) 
upside-down. Flies were paired in a simple observation arena (the same 
experiment as Fig. 5). Different letters indicate significant differences. 
doi:10.1371/journal.pone.0093196.g008 
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Figure 9. Ontogeny of infrequent non-interactive behaviors. 

Changes in the frequency of occurrence of three relatively infrequent 
non-interactive behaviors (see Table 1 for descriptions) in socially naive, 
male flesh flies with respect to adult age, in days: (A) jump, (B) sf/7f, and 
(C) bobbing. Flies were paired in a simple observation arena (the same 
experiment as Figs 5-8). Vertical bars indicate means ± s.e.m. Different 
letters above the bars indicate significant differences. 
doi:1 0.1 371 /journal.pone.00931 96.g009 

presence of a potential mate, etc.) except that of lightidark cycles 
and chronological age. In contrast with other model systems, our 
observations were not limited to agonistic actions but encompassed 
non-aggressive behaviors as well, providing insights into how 
aggressive behaviors are integrated with other behavioral pro- 
grams. 

Satisfying our first objective, we discovered that mating in S. 
crassipalpis begins as early as day 2 of age but most flies exhibit 
mating behavior by day 3 (Fig. 2). This finding is consistent with 
observations of another species of flesh fly Meobellieria bullata in 
which males were not successful at capturing females until 2 days 
after eclosion [41]. 

Based on the determination that sexual maturation occurs by 
approximately day 3 of age, we tested the premise that aggressive 
behavior in this species would not be expressed fully until the age 
of sexual maturity. The evidence supporting such an ontogeny of 
aggression was that all four high-intensity aggressive behaviors 
{lunge, wrestle, hold, and immobilized) showed a significant, progressive 
increase in frequency with age (Fig. 5A-C). By day 3 or day 4 of 
age, aU of these behaviors occurred at significantly higher levels 
relative to levels observed for flies at day 1 of age. On the other 
hand, low-intensity aggressive behaviors exliibited a progressive, 
though not significant, decline in frequency with age (Fig. 5D). 

Age-related changes in aggression certainly occur in many other 
insects. In D. melanogaster, for instance, fighting is not observed on 
the first day after emergence as adults, but can be demonstrated 
reliably by day 3 [20,22,13,24]. In a study examining the influence 
of age on territorial behavior, Hoffman [42] filmed groups of six 
newly eclosed D. melanogaster males that were caged with three 1- 



day old virgin females for 32 consecutive hours and found that 
males were first observed courting females about 9.5 hours after 
introduction to the cage and the first mating occurred about 3.9 
hours later. The first instances of lunging were observed about 12 
hours after mating, followed about 2 hours later by the first 
instances of territorial defense of a food source. However, because 
of the continuous presence of other males and females in these 
experiments, accumulated experience with conspecifics cannot be 
differentiated from age as a contributor to the expression and 
timing of agonistic behaviors. Nevertheless, these results plus other 
findings from the same study [42] (e.g. older males estabhsh 
territories more readily, are more successful at holding territories, 
and escalate agonistic interactions more readily than younger 
males) indicate that age is a major determinant in the expression of 
agonistic behavior in D. melanogaster. For the present study, in an 
effort to separate the influence of age from social interactions, the 
flies were kept isolated from all other flies until the time of the 1- 
hour encounter with an opponent of the same age. 

The mechanisms underlying the age-related increases in 
aggressive behaviors in the flesh fly are unknown. There may, 
however, be some insights from gene expression patterns in 
Drosophila. For example, Ruedi and Hughes [43] showed that 
many genes associated with courtship behavior in D. melanogaster 
males were expressed statically, and some dynamically, with 
changes in age but not with social experience (exposure to 
females). In another study, adult D. melanogaster males given a brief 
exposure to females failed to show courtship gene expression 
changes relative to naive adult males [44] . On the other hand, EUis 
and Carney [45] found 16 genes that change expression when 
males court females as well as 240 that were specific to male-male 
interactions. Assuming that courtship and territorial (aggressive) 
behaviors go hand-in-hand, these studies suggest a fundamental 
ontogenetic program operating independently of environmental 
influences as well as a substantial set of genes that are responsive to 
social interactions. 

The ontogeny of agonistic behavior in male S. crassipalpis 
apparently is based upon major increases in the frequency of 
behaviors involving full-body contact (high-intensity aggressive 
behaviors) whereas those behaviors characterized as low-intensity 
aggression (a composite of 6 different behaviors, see Table 1), 
involving minimal contact (primarily striking or pushing with one 
or two legs), do not increase in frequency with age. Before sexual 
maturity (i.e., day 1), low-intensitp aggression occurred more 
frequentiy than aU of the high-intensity aggressive behaviors 
combined. By the age of sexual maturity (day 3), however, low- 
intensity aggression declined to less than half of its previous level and 
occurred less frequentiy than either of the individual high-intensity 
behaviors lunge and wrestle. These results suggest that low-intensity 
aggression does not play a major role in agonistic interactions in S. 
crassipalpis. Further underscoring this point is the finding that 
several statistically significant transitions involving other behaviors 
serve as pathways to or from the high-intensity aggressive 
behaviors (Fig. 1 1). All of these occur at relatively low frequencies 
(black arrows in Fig. 10) with the exception of the upside-down- 
wrestling transition on days 2, 3, 4, and 6 and wrestling-upside-down 
on days 3, 4, and 6. Also, a large number of transitions to high- 
intensity aggressive behaviors, although not individually reaching 
statistical significance, are shared among a variety of other 
behaviors (Table 2, File SI) including walking, standing, and 
grooming. The preeminence of high-intensity aggressive behaviors 
appears in stark contrast to the situations in both D. melanogaster 
[24] and T. dalmanni [18] in which high-intensity behaviors occur 
less frequently than low-intensity behaviors during dyadic contests 
between males. These differences in the structure of agonistic 
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Figure 10. Statistically significant behavioral transitions at 1 and 3 days of age. Kinematic diagrams illustrating behavioral transitions that 
occurred more often than predicted by chance on days of age 1 and 3. Arrows indicate the direction of the transition. Three levels of arrow thickness, 
from smallest to largest, denote the degree of departure from randomness based on Freeman-Tukey values of 1-5 (black), 5-10 (orange), and >10 
(red). Closed squares indicate high-intensity aggressive behaviors; open squares, low-intensity aggressive behaviors; triangles, non-interactive 
behaviors; circles, interactive, non-aggressive behaviors. Five sizes of symbols represent the relative frequency of occurrence of each particular 
behavior with respect to the entirety of behaviors for that age group: <1%, 1-5%, 5-10%, 10-15%, and >15%. 
doi:10.1371/journal.pone.0093196.g010 



behaviors between flesh flies, on the one hand, and fi'uit flies and 
stalk-eyed flies on the other, may reflect fiandamental diflerences in 
mating systems. For instance, flesh flies employ a sit-and-wait 
strategy in which males occupy lookout positions and chase and 
mate with females that fly within sight-range. In comparison, D. 
melanogaster and T. dalmanni defend spatially constrained resources 
such as females or food territories and appear to assess the relative 
strength of their rivals through behavioral sequences consisting 
mostly of low-intensity aggressive behaviors that may escalate to 
high-intensity interactions but often end before reaching that 
stage. 

Several findings in this study are not consistent with the 
formation of stable dominance relationships between S. crassipalpis 
males. First, male flesh flies apparently do not assess an opponent 
through sequences of low-intensity agonistic interactions. In 



contrast, S. crassipalpis males exhibit low-intensity aggressive 
behaviors (Fig. 5D) at a lower frequency than high-intensity 
aggressive behaviors. Next, the distributions of the occurrences of 
retreat (Fig. 6A) or high-intensity aggression (Fig. 6B) by individual 
members of the opponent pairs indicate that, in most pairs, these 
behaviors are not performed predominantly by one member of the 
pair. Finally, there is no escalation of high-intensity aggressive 
behavior during the one-hour encounters in the arena (Fig. 7). 

The sit-and-wait strategy of male flesh flies in nature may share 
some characteristics with territorial defense behaviors observed in 
male speckled wood butterflies {Parage aegeria) [46] . In this species, 
males occupy spots of sunlight on the woodland floor where they 
perch on prominent features of the vegetation. From these 
perches, they fly out to inspect passing objects, including females. 
These sunspot territories are contested by males and, although the 
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male's ability to take over territories from other males [47]. Our 
experiments with flesh flies were conducted under simplified, 
artificial conditions and were designed primarily to discern if the 
intrinsic motivation to perform aggressive behaviors changes with 
age. The absence of detailed field observations of S. crassipalpis 
behavior limits our abihty to interpret our findings with respect to 
natural conditions. However, the lack of escalation as well as the 
absence of dominant individuals during the encounters in the 
arena are contrary to findings in D. melamgaster [24], stalk-eyed flies 
[18], and butterflies [46,47] and suggest some testable hypotheses. 
For example, it is possible that the extended social isolation 
imposed on our flies before staging the encounters in the arena 
may prevent them from acquiring some differential experience 
necessary to determine dominance. Alternatively, perhaps the 1- 
hour encounter duration, under the conditions of our experiments, 
is not long enough to establish a dominant individual. Yet another 
alternative is that dominance may be determined by territorial 
residency status [46] in nature but the artificial conditions in the 
arena are not sufficient for the establishment of residency. Perhaps 
relevant to the establishment of a territory is the amount of 
available space in the environment, an aspect that could be 
explored in the laboratory by varying the area in our test arenas. 
Finally, one intriguing possibility is that there may be no true high- 
intensity aggression at all in S. crassipalpis. This scenario would be 
consistent with the finding that dominance relationships and 
fighting escalation did not occur during the encounters but difflcult 
to reconcile with the apparent ferocity of the fights (Videos SI, S2, 
and S3) and the significant increases in levels of interactive 
behaviors with age (Fig. 5). 

One of the basic questions concerning the ontogeny of 
aggression in the present study was how changes in aggressive 
behaviors might affect the performance of non-aggressive behav- 
iors. In the case of interactive, non-aggressive behaviors, two 
changed significantiy with age [avoid decreased and retreat increased 
in frequency) while two others {turn toward and approacK) showed no 
significant variation with age (Fig. 5E-H). All of the seven 
remaining behaviors, all classified as non-interactive, demonstrat- 
ed significant changes with age (Figs 8, 9). Interestingly, for all age 



Table 3. Statistically significant behavioral transitions not obviously associated with ontogeny of aggression. 




Age of occurrence (days) 


Transitions 


1 J-W,L-W/ 


2 


Ap-R, Av-B, Av-J, Av-Sti, H-l, H-R, H-W, l-H, J-B, J-l, R-B, Sti-L,T-Lo, U-H, U-l 


3 


Ap-W, Av-L, G-Sti, J-R, Lo-U, Sti-B 


4 


Ap-Sti, J-L, J-U, R-J 


1, 3 


Lo-Sti 
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Av-T, T-Ap 


1, 3, 4, 6 


Sta-T 


Behavioral transitions are represented 


as pairs (behavior 1 followed by behavior 2); abbreviations and descriptions of the behaviors as in Table 1. 
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Figure 11. Behavioral transitions involving high-intensity 
aggressive behaviors by age. All transitions are depicted as first 
behavior followed by the second. (A) Transitions to high-intensity 
aggressive behaviors from other behaviors. (B) Transitions from high- 
intensity behaviors to other behaviors. Gray cells indicate the presence 
of significant transitions in which only one of the behaviors is a high- 
intensity aggressive behavior. Black cells indicate significant transitions 
in which both behaviors are high-intensity aggressive. 
doi:10.1371/journal.pone.0093196.g011 



manner by which the winners are decided is not understood, 
recent experiments suggest that more intrinsically aggressive males 
become sunspot residents and that previous wins reinforce the 
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Figure 1 2. Summary of progressive changes in behavioral transitions with age. Simplified kinematic diagrams illustrating trends associated 
with the progressive ontogeny of aggressive behavior in male flesh flies. Symbols indicate the particular behaviors and arrows the direction of the 
transitions that occurred more often than predicted by chance, as in Fig. 6; abbreviations as in Table 1. (A) Behavioral transitions common to all age 
cohorts. (B) Transitions not present on day 1 of age, but existing from day 2 onwards. (C) Transitions absent on days 1 and 2, but present from day 3 
onwards. (D) Transitions not present on days 1, 2, and 3, but existing on days 4 and 6. (E) Transitions present on day 6 but not observed prior to that. 
(F) Three transitions that were eliminated, rather than added. Av-W and Wr-W were present on days 1, 2, and 3, but absent on days 4 and 6. R-U was 
present on days 1-4 but absent on day 6. 
doi:10.1371/journal.pone.0093196.g012 



cohorts, the vast majority of time (between 96.4% and 98.1%) 
during the observations was occupied by just four of these 
behaviors: standing, walking, grooming, and upside-down. However, the 
amount of time spent on these four behaviors relative to each other 
exhibited a radical reorganization with age: walking and standing 
decreased significantly whereas grooming and upside-down increased 
significandy (Fig. 8). The finding that many behaviors, especially 
non-interactive behaviors, show substantial changes in perfor- 
mance in parallel with the ontogeny of aggressive behaviors is 



unexpected: each agonistic interaction is very brief, typically 
lasting only a few seconds (Figs. 3,4), whereas the non-interactive 
behaviors occupy the vast majority of the fly's time during the 
observations. The results from the single male experiments (Fig. 1 3) 
show that the same age-related increases [grooming, upside-down) and 
decreases [walking, standing) in the amount of time occupied by these 
non-interactive behaviors occur in the absence of an opponent. 
Therefore, the reapportioning of the non-aggressive behaviors 
relative to one another with age does not require the performance 
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Figure 13. Ontogeny of behavior in the single male flies. Changes in the proportions of total observation time, with respect to age (in days), 
occupied by each of the four most predominant behaviors (see Table 1 for descriptions) in the individual fly experiments (A) wall<ing, (B) standing, (C) 
grooming, and (D) upside-down. Also shown are changes in the frequency of occurrence of the behavior sf/7f (E), calculated as the number of 
occurrences hour^' individuaPV Vertical bars indicate means ± s.e.m. Different letters above the bars indicate significant differences. 
doi:1 0.1 371 /journal.pone.00931 96.g01 3 



of aggressive behaviors. These findings suggest interesting 
hypotheses concerning the organization of behavior. For example, 
aggressive and non-aggressive behaviors may be connected 
functionally to one another by common control circuits such tliat 
the levels of standing, walking, grooming, and upside-down are related to 
thresholds for the release of aggressive behaviors. Alternatively, the 
aggressive and non-aggressive behaviors may have no functional 
connections or common modulatory controls but their age-related 
changes simply may be programmed to occur simultaneously. This 
aspect of behavioral organization has received little study in any 
model system and deserves further examination. One possible 
consequence of these fmdings is that experimental manipulation of 
aggression levels (e.g., through neurohormonal or neurogenetic 
treatments) may have collateral effects on very disparate behav- 
ioral programs. 

The robust age-related changes observed in grooming and upside- 
down warrant speculation concerning their potential relevance to 
the ontogeny of aggression in male flesh flies. Our observations 
revealed that, in the experiments with paired males, the amount of 
time devoted to grooming nearly doubled from about 20% on day 1 
to about 37% by day 3 and maintained this high level of activity 
on days 4 and 6 (Fig. 8C). The same trend was observed in the 
experiments with single males (Fig. 13C). Grooming in insects 
encompasses a suite of stereotyped movements designed to remove 
debris and pathogens from body surfaces and has been shown to 
improve olfactory acuity of the antennae [48]. Many insects 
methodically self-groom, even in the absence of pathogens and 
debris [48,49]. The remarkable increase in time invested in 



grooming among male flesh flies in our study (both with and without 
opponents) perhaps reflects an age-related up-regialation of an 
internal program to ensure tiiat sensory organs are clear of 
obstructions in preparation for agonistic interactions and mating. 
Exhibiting an even greater change was the amount of time spent in 
the behavior upside-down in the paired male experiments, 
increasing from 1% on day 1 to about 4% on day 3 and nearly 
20% on day 6. This extraordinary escalation is not understood but 
possibly may be the result of a general, heightened state of arousal 
associated with the increase in aggressive tendencies or an increase 
in failed attempts to escape the confines of the arena. The finding 
that upside-down also increases with age in isolated males 
(Fig. 13D) supports the idea that age-related changes in this 
behavior are only partially in response to activity in the opponent 
fly. Further exploration of grooming and upside-down may yield 
insights into the interactions between circuits driving aggression 
and those controlling non-aggressive behaviors. 

Rather than appearing de novo in parallel with reproductive 
maturity, aggressive behaviors exist from an early age in male S. 
crassipalpis. However, as the flies progress from the relatively non- 
aggressive condition to the aggressive condition (i.e., day 1 to day 3 
of age), there are pronounced increases in both the frequency of 
occurrence of high-intensity aggressive acts (Fig. 5A-C) and the 
number of statistically significant transitions involving high- 
intensity aggression (Figs 10-12). With respect to behavioral 
transitions, the transformation to the aggressive condition is 
abrupt: there are 10 statistically significant transitions involving 
high-intensity aggression on day 1 of age but the number escalates 
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Figure 14. Statistically significant behavioral transitions for 
each of the age cohorts in the single male experiments. 

Simplified kinematic diagrams illustrating behavioral transitions that 
occurred more often than predicted by chance on days of age 1 (A), 2 
(B), 3 (C), 4 (D), and 6 (E). Arrows indicate the direction of the transition. 
Abbreviations refer to the behaviors (see Table 1). 
doi:1 0.1 371 /journal.pone.00931 96.g01 4 

to 26 on day 2 and then declines somewhat to a plateau of 18, 16, 
and 18 on days 3, 4, and 6, respectively (Fig. 1 1). A large majority 
(13) of these behavioral transitions are shared in common among 
days 3, 4, and 6, indicating establishment of a stable organization 
of temporal patterns by the age of sexual maturation. The steep 
increase in transitions involving high-intensity aggressive behaviors 
on day 2 followed thereafter by a lower, stable number is 
somewhat reminiscent of the typical pattern of development in 
nervous systems in which there is an over-production of axonal 
projections and synaptic connections followed by a pruning back 
to numbers and patterns seen in adults [50]. This possibility 
presumably could be approached by comparing neuropil volumes 
and dendritic morphologies [51] in the brains of males from 
different age cohorts. 

In common with the weU-established insect model systems D. 
melanogaster and T. dalmanni, S. crassipalpts males possess a highly 
structured repertoire of behavioral transitions. However, in 
contrast to these two other insect model systems, there were 
relatively few statistically significant transitions between low- and 
high-intensity aggressive behaviors. Within any age cohort, 
whether before (days 1 and 2) or after the age of sexual maturity 
(days 3, 4, and 6), low-intensity agression exhibited statistically 
significant transitions only to two high-intensity aggressive 
behaviors at relatively low frequencies (denoted by thin, black 
arrows in Fig. 10). These results, in concert with the relatively 
infrequent occurrence of low-intensity aggression on days 3, 4, and 



6 (Fig. 5D), suggest the absence of a strategy (present in D. 
melanogaster and T. dalmanni) in which the flies progress through 
low-intensity aggressive behaviors in order to assess the strength of 
the opponent and avoid high-intensity agonistic interactions. 
Instead, after sexual maturity, S. crassipalpts males readily engage in 
high-intensity aggressive behaviors. In fact, flesh fHes transition 
from one high-intensity behavior to another at relatively high 
frequencies (orange arrows in Fig. 10). 

The utility of three behaviors performed by male flesh flies in 
our study, bobbing, stilt, -And jump (for descriptions, see Table 1), is 
not understood. In the paired male experiments, bobbing showed a 
significant increase in frequency between days 1 and 3 but 
declined somewhat from this high level on days 4 and 6 (Fig. 9C). 
There were no significant transitions to or from bobbing on day 1 
but there were at least two significant transitions (always including 
bobbing— standing and grooming-bobbing) for each day of age thereafter. 
In the single male experiments, bobbing was nonexistent, suggesting 
that this behavior may play some role in the interactions between 
flies. Stilt, in contrast, showed a significant decline in frequency 
with age in the paired male experiments (Fig. 9B), although it 
maintained at least two significant transitions with other behaviors 
at each day of age (always including stilt-standing). The age-related 
pattern for stilt was different in the single male experiments, 
occurring at low levels on day 1 and exhibiting a significant peak 
in frequency on day 3 (Fig. 13E). Occurrences of jump showed a 
significant increase between days 1 and 3 in the paired male 
experiments (Fig. 9A). In accord with the finding that jump rarely 
occurred in the single fly experiments, it appears that this behavior 
typically may occur in response to activity by or the presence of 
other flies. Neither bobbing nor jump ever participated in any 
significant transitions associated with aggressive behaviors but stilt 
served as a precedent for low-intensity aggression on days 2 and 4 and 
for lunge on day 2. Interestingly,jMm/» was a precedent for turn toward 
on days 2 through 6 and followed turn toward on days 4 and 6, 
suggesting that it may occur as a reaction to another fly's activity. 
Jump, in this study, is characterized as a vertical leap (Table 1) but 
may serve as the lift-off for flight (which is constrained in our test 
arena). Deeper insights into the possible role of these three 
behaviors in social encounters might be obtained through high 
resolution, simultaneous temporal analyses of the behaviors 
elicited by both members of the parr, with the goal of determining 
exacdy what movements in one fly influence activity in the other. 
None of the three behaviors {bobbing, stilt, and jump) were noted in 
studies of male-male agonistic interactions in D. melanogaster [24] or 
T. dalmanni [18]. Both of these studies, however, were concerned 
only with behaviors performed during the aggressive encounters. 
Absent from our study but present in D. melanogaster [24] were 
observations of the behavior wing threat, classified as a low-intensity 
aggressive act. Also absent from our observations were two low- 
intensity aggressive behaviors performed by T. dalmanni [18]; Jlex, 
involving flexion and flicking of the forelegs in the direction of the 
opponent, and line up eye stalks, in which the two opponents 
confront each other face-to-face with their eye stalks aligned in 
parallel. 

The flesh fly S. crassipalpis provides an intriguing comparative 
model system for the study of aggression because its natural 
lifestyle, including mating behavior, is very different from that 
observed in fruit flies and stalk-eyed flies. Our findings of 
fundamental differences in the organization of aggressive behav- 
iors between the flesh fly and these other model systems are 
consistent with these lifestyle differences. Although our investiga- 
tion of aggression in S. crassipalpis males shares some of the same 
analytical approaches used in the other model systems (e.g., 
behavioral transition matrices), it also adds two perspectives not 
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previously explored in detail: the influences of age on the 
expression of aggressive behavior and the potential interactions 
of aggressive behaviors with other behaviors not performed during 
agonistic encounters. Extrapolating from our results, we maintain 
that such an approach will lead to a deeper understanding of the 
mechanisms controlling aggression. 

Supporting Information 

File SI Behavioral transition matrices for the day 1, 2, 
4, and 6 age cohorts in the paired male experiments. 

(DOC) 

Video SI Exemplar of the behavior lunge. Fly at the top 

lunges at its opponent. 
(AVI) 

Video S2 Exemplars of the behaviors lunge and hold. Fly 

to the right lunges and then holds its opponent; behaviors are 

shown at actual speed and % speed. 

(MPG) 

Video S3 Exemplars of the behaviors hold and wrestle. 

Fly to the left approaches and then holds its opponent. This is 
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(AVI) 

Acknowledgments 

We thank two anonymous reviewers for several valuable suggestions that 
greatly improved the presentation of our results and discussion. 

Author Contributions 

Conceived and designed the experiments: DM KHJ. Performed the 
experiments: CP JDS. Analyzed the data: DM ES. Contributed reagents/ 
materials/analysis tools: KHJ DM ES. Wrote the paper: DM. 



24. Chen S, Lee AY, Bowens NM, Huber R, Kravitz EA (2002) Fighting fruit flies: a 
model system for the study of aggression. Proc Nat Acad Sci USA 99: 5664— 
5668. 

25. Nilsen SP, Chan YB, Huber R, Kravitz EA (2004) Gender-selective patterns of 
aggressive behavior in Drosophila melanogaster. Proc Nat Acad Sci U S A 101: 

12342 12317. 

26. \v>m\nu i:, iNilscn SP. Dcmir E, Kra\ ii/ EA, Dirkson BJ {m)&} jmitless regulates 
aggression and dominance in Drosophila. Nat Ncurosci 9: 1469-1471. 

27. Kimura Kl, Otc M, Tazawa T, Yamamoto D (2005) Fruitless specifies sexually 
dimorphic neural circuitry in the Drosophila brain. Nature 438: 229-233. 

28. Ccrtel SJ, SaveUa MG, Schlegel DCF, Kravitz EA (2007) Modulation of 
Drosophila male behavioral choice. Proc Nat Acad Sci U S A 104: 4706-4711. 

29. Yurkovic A, Wang O, Basu AC, Kravitz EA (2006) Learning and memory 
associated with aggression in Drosophila melanogaster. Proc Nat Acad Sci USA 
103: 17519-17524. 

30. Zwarts L, Maguire MM, Carbonc MA, Versteven M, Herteleer L, et al. (201 1) 
Complex genetic architecture of Drosophila aggressive behavior. Proc Nat Acad 
Sci U S A 108: 17070-17075. 

31. de la Motte 1, Burkhardt D (1983) Portrait of an Asian stalk-eyed fly. 
Naturwissenschaften 70: 451—461. 

32. Panhuis T, Wilkinson Q (1999) Exaggerated male eye span influences contest 
outcome in stalk-eyed flies (Diopsidae). Bchav Ecol Soeiobiol 46: 221—227. 

33. Paquette C, Joplin KH, Seier E, Peyton JT, Moore D (2008) Sex-specific 
differences in spati£il behaviour in the flesh fly Sarcophaga crassipalpis. Physiol 
Entomol 33: 382-388. 

34. Ives AR (1991) Aggregation and coexistence in a carrion fly community. Ecol 
Monogr 61: 75-94. 

35. Brifia M, Rundle SD, Eryer A (2008) Comparing the strength of behavioural 
plasticity and consistency across situations: animal personalities in the hermit 
crab Pagurus bemhardus. Proc R Soc B 275: 1305—1311. 

36. Zar JH (1996) Biostatistical Analysis, 3^^ Ed. Upper Saddle River, NJ: Prentice 
Hall. 662 p. 

37. de Jong P, Grieg M (1984) First-order Markov chains with a zero diagonal 
transition matrix. Biometrics 40: 101—107. 

38. Bishop YMM, Fienberg SE, HoUand PW (1975) Discrete Multivariate Analysis: 
Theory and Practice. Cambridge, MA: MIT Press. 557 p. 

39. Dierick HA (2007) A method for quantifying aggression in male Drosophila 
melanogaster. Nature Protoc 2: 2712—2718. 

40. Kain J, Stokes C, (iaudry Q, Song X, FoleyJ, et al. (2013) Leg-tracking and 
automated behavioural classification in Drosophila. Nature Commun 4: 1910 doi: 
10.1038/ncomms2908. 

41. Gilbert C, Kim MP (2007) Effects of male age and cervical proprioceptors on 
sexual aerial pursuit by male flesh flies, Neobellieria buUata (Diptera: Sarcophag- 
idae). J Insect Behav 20: 427^35. 

42. Hoffmann AA (1990) The influence of age and experience with conspecifics on 
territorial behavior in Drosophila melanogaster. ^ Insect Behav 3: 2—12. 

43. Ruedi EA, Hughes KA (2009) Age, but not experience, affects courtship gene 
expression in male Drosophila melanogaster. PLoS ONE 4(7): e6150. Doi:10.1371/ 
journal.pone.006 1 50. 

44. Carney GE (2007) A rapid genome-wide response to Drosophila melanogaster social 
interactions. BMC Genomics 8: 288. Doi:10.1186/1471-2164-8-288. 



PLOS ONE I www.plosone.org 



17 



April 2014 | Volume 9 | Issue 4 | e93196 



Aggressive Behavior in Flesh Flies 



45. Ellis IX, Carney GE (2011) Socially-responsive gene expression in male 
Drosophila melanogaster is inlluenced by the sex of the interacting partner. (Genetics 
187: 157-16. 

46. Davies NB (1978) Territorial defence in the speckled wood butterfly (Fararge 
aegerm): the resident always wins. Anim Behav 26: 138-147. 

47. Kemp DJ, Wiklund C (2004) Residency effects in animal contests. Proc R Soc B 

271: 1707-1711. 

48. Bor(kvk\ K. Wada-Katsumata A, Batehelor D, Sehal C (2013) Insects groom 
their antennae to enhance olfactory activity. Proc Nat Acad Sci U S A 110: 
3615-3620. 



49. Phyllis RW, Bramlage AT, VVotus C, VVhittaker A, Gramates LS, et al.(1993) 
Isolation of mutations affecting neural circuitry required for grooming behavior 
in Drosophila melanogaster. Genetics 133: 581-592. 

50. Nichols JG, Martin AR, Fuchs PA, Brown DA, Diamond ME, et al. (20 1 2) From 
Neuron to Brain, Fifth Ed. Sunderland, Massachusetts: Sinauer. 62 1 p. 

51. Farris SM, Robinson GE, Fahrbach SE (2001) Experience- and age-related 
outgrowth of intrinsic neurons in the mushroom bodies of the adult worker 
honeybee. J Neurosci 21: 6395-6404. 



PLOS ONE I www.plosone.org 



18 



April 2014 | Volume 9 | Issue 4 | e93196 



